activities such as coal burning, industrial production, transportation, and construction all emit particulate matter containing various poisonous and harmful substances [6] [7] . Dust particles can function as carriers of pollutants, depending largely on their chemical composition in terms of mineral and organic contents [8] . Extremely fine PM can contain highly toxic components, such as heavy metals, polychlorinated biphenyls, PAHs, and other potential carcinogens [9] . Transport of particles and their dry and wet deposition from the ambient atmosphere are related to anthropogenic activities, and affect living beings [10] . PAHs have been detected in numerous environmental media, such as the atmosphere, urban street dust, precipitation, soil, and sediment [11] . Air pollution is a serious health problem throughout the world, although most developing countries place an emphasis on different environmental issues [12] . Over the past decades, huge quantities of PAHs have been released into the atmosphere [13] and the mitigation of PAH pollution has emerged as one of the most challenging tasks for environmental management agencies.
Leaves are sensitive and highly exposed to air pollution, can purify air by capturing atmospheric pollutants [14] [15] , and have been used as indicators to assess the quality of air in urban environments [16] . A major proportion of airborne dust is deposited on the canopies of roadside trees as a result of gravity and/or being impacted onto the leaves because of wind current, where the characteristic of the leaf surface determines the amount retained [17] [18] . Plants remove pollutants from the air by three means: absorption by the leaves, deposition of particulates and aerosols by leaf surfaces, and fallout of particulates on the leeward side of the vegetation [19] . Nisson et al. [17] reported that re-suspension of fine particulates from a leaf surface is less likely as they are more easily embedded within the leaf boundary layer. It has been estimated that plant canopies remove 711,000 metric tons of air pollutants in the United States annually.
Foliar features, including microstructure, play important roles in determining the efficiency by which plants trap dust particulates. Plants differ significantly in their ability to capture dust, depending on features such as characteristics of stomata, trichomes, epicuticular wax, epidermis, and cuticle. Many studies have shown that species with rough leaf surfaces, with features such as grooves or trichomes are considered more effective accumulators of PM [20] [21] . Broad-leaved species with rough leaf surfaces accumulate PM more effectively than did those with smooth surfaces [22] . Another study showed that needles of a number of coniferous species, which had a unique microstructure, could capture PM more effectively than broad-leaved species [23] . Leaves exhibiting a high stomata density tend to retain more dust [24] and can therefore affect the ability of leaves of different plant species to capture PAHs from the air [25] [26] . Hence, certain plants species can be used as biomonitors and bioindicators of air pollution, in which case dust interception by these plants allows them to become sinks for atmospheric particulate pollutants.
Due to rapid economic development, population growth, and urbanization, the city of Nanjing in southern China is faced with a serious problem of increasing environmental pollution and urban dust pollution, which has become much worse than in suburban areas in recent years [27] . Thus, it is of great significance to select appropriate plants for protecting the environment and the health of human beings. The purpose of this study was to analyze the amount of dust and PAH concentrations in the foliage dust of four tree species along an urbanization gradient. Using scanning electronic microscopy (SEM) analysis, a better understanding can be gained of the role of tree leaves in capturing atmospheric pollutants in a major area of southern China.
Method and Materials

Study Area
Nanjing is one of China's largest cities and a major political, economic, and industrial center in southern China with an area of 6,587 km 2 and a population of over 8.27 million. It belongs to a subtropical monsoon climate, with annual rainfall of 1,200 mm and an average temperature of 15.4ºC. The current study was carried out in the city of Nanjing, which is characterized by high levels of human activity. The study site was an area of afforestation in the city center. The city was divided according to landuse type and distance from the city center, as well as into urban, suburban, and rural areas. The sampling sites were specifically classified into the following: urban areas (31°52″~32°14″ N 118°34″~119°14″E), which included eight districts (Xuanwu, Baixia, Gulou, Qinhuai, Jianye, Xiaguan, Yuhuatai, Qixia), with high-density populations and heavy traffic. The suburban areas (31°37″~32°36″N 118°21″~119°06″E), which included three districts (Pukou, Liuhe and Jiangning) with lower traffic and other anthropogenic activities, and rural areas (31°13″~31°47″N 118°41″~119°13″E), which were far from the city center, where the low density of residents and traffic led to low pressure in this area (Lishui and Gaochun; Fig. 1 ).
Species Sampled
The sampling of foliage dust was done during summer months (August-September 2016). Four species of tree, namely, Firmiana simplex, Symplocos sumuntia, Photinia serrylata,and Osmanthus fragrans are widely distributed in urban, suburban, and rural areas in Nanjing. Samples were collected in August 2016 after a period of heavy rain and strong wind. For each tree species in each area five trees were selected for sampling. None of the tree leaf samples (100 pieces) were suffering from obvious pests or disease. They were collected from the inner and outer canopies of east-, south-, west-, and north-facing directions at a height of approximately 1.5-3 m above ground level with a pruner. All sample leaves were carefully collected to minimize the touching of the leaf surface and were kept in a cool box (-20ºC) during transport and in the laboratory prior to analysis.
Sample Pre-Treatment
The foliar dust particles were washed down from leaves using deionized water obtained from an ultrasonic cleaner (HS-1010A, Shenzhen, China) [28] . Leaves were placed into a 500-ml plastic container and 250 ml of Milli-Q water was added (Milliporem Bedford, MA, USA). The dust containing the suspension was filtered through a 150 μm sieve. The procedure was repeated with 50 mL Milli-Q water, which was filtered and added to the samples. This 300 mL of dust-containing suspension was dried with a vacuum freeze-drier (Labconco, Kansas City, MO, USA) for five days at -83ºC to a constant weight and then stored at -20ºC until further extraction.
The 20 pieces of sampled leaves were immersed in distilled water for 30 min and an ultrasonic cleaning instrument (HS-1010A, Shenzhen, China) was applied to separate the attached dust from the leaves. Then the leaves were carefully taken out of the distilled water, which was filtered through a dried, pre-weighed filterpaper whose weight was recorded as W 1 . The filter paper was subsequently dried for 12 h at 60ºC, and then weighed and recorded as W 2 . The difference between W 1 and W 2 was the weight of the dust on the sampled leaves. The area of each leaf was determined using a leaf area meter and recorded as S. M = (W 1 -W 2 )/S. 
Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to investigate the surface characteristics of leaves and the locations of dust particles. Sections (5×5 mm 2 ) were trimmed from areas between the margin and midrib of leaves. The specimens were coated with a thin conductive film of gold in an ion sputter coater (PELCO-SC-7). Coated specimens were examined and photographed under a field emission scanning electron microscope (JSM-6330F, JAPAN).
Chemicals and Materials
A composite standard solution of 16 PAHs was purchased from Sigma-Aldrich (Dr, Germany), including Naphthalene (Nap), aceNaphthylene (Acy), aceNaphthene 
PAH Extraction
All PAHs were extracted from dust (0.5g) with a 30 mL mixture of hexane and dichloromethane (v/v = 1:1) using an ultrasonic bath for 1.5 h. This step was repeated three times. The solvent fractions were concentrated by a vacuum rotary evaporator and solvent exchanged to hexane. The concentrated extract was cleaned with silica column chromatography (10 mm (ID) × 350 mm (L), 10 g of silica gel, and 20 mm length of anhydrous sodium sulphate). Then the aliphatic fraction was abandoned by washing it with hexane (25 mL), while the PAH fraction was washed by dichlomethane (40 mL), followed by filtration through a 0.22 μm fiberglass membrane and re-concentration with a gentle stream of nitrogen to exactly 1 mL though a blowing process at 25ºC. The concentrated extracts were then analyzed for PAHs with a high-performance liquid chromatograph (LC-20AT; Shimadzu, Kyoto, Japan).
Quality Assurance and Quality Control
All analytical procedures were monitored using strict quality assurance and control measures. During sample analysis, blanks and matrix blanks (PAHs-free) were analyzed. The 16 PAHs were quantified using the reference methods. Experiments to assess foliage dust recovery were conducted by spiking known concentration standards (200 ng·g -1 ). The foliage dust average recovery ranged from 78.31% for Nap and 78.32~102.45% for the remaining 15 PAHs.
Statistical Analysis
Two-way ANOVA was used to test for the amount of dust on the surface of leaves and the PAH concentration of foliage dust of the studied areas. As posts, the hot test LSD multiple comparison test was used to explore the significant differences. PCA was used to display the effect of tree species and urbanization on PAH concentrations of foliage dust. Calculations were performed using the SPSS17.0 (SPSS Inc., USA) and Canoco 5.0. Most graphs were constructed using Excel 2012 and origin 9.0.
Results and Discussion
Effect of Rree Species and Location on the Distribution of PAHs in Foliage Dust
The concentrations of total and individual PAHs in foliage dust of four tree species were determined in urban, suburban, and rural areas of Nanjing (Table 1 ). In the case of F. simplex, the highest Flu and BghiP concentrations were found in dust collected from urban areas. The concentrations of Nap and Ace from rural areas were significantly higher than those from both urban and suburban areas. This may be because burnt biomass and creosote were the main sources of Nap and Ace in rural areas of Nanjing [29] [30] . Concentrations of Phe, BkF, and BaP were significantly higher in urban than in rural areas, but no significant difference was obtained between urban and suburban areas. In the case of dust on S. sumuntia, the Acy concentration was significantly higher in urban areas than in suburban and rural areas (Table 1 ). There were no significant differences in Acy, Phe, and BghiP concentrations between suburban and rural areas (p>0.05). There were significant differences in Ant, Pyr, and BaP concentrations between urban and rural areas. In the deposited dust on P. serrylata, Nap and Ace concentrations were highest in urban areas. The concentrations of Acy, Phe, and BghiP were significantly different between urban and rural areas, with the Nap concentration in the deposited dust on O. fragrans being significantly higher in urban than in rural areas.
Principal component analysis (PCA) showed a complete separation of the tree species based on the concentrations of PAHs in the foliage dust (Fig. 2) . The first component (PC1) contributed 55.17% of the total variance, while the second one (PC2) contributed 14.93% of the total variance. There are two groups of PAHs separated along the first axis (PC1). The first group of PAHs included BaA, Ace, and Nap. Nap and Ace have been identified as markers of traffic tunnels [31] , whereas BaA has been used as a marker for diesel engines [32] . Hence, the results from PC1 revealed that vehicle emissions were probably a major source of PAHs in foliar dust around Notations: "a" is always lower than "b" and "b" is always lower than "c." ANOVA, followed by Tukey test, two-way ANOVA was applied to indicate significant differences among variances. *** indicates significant difference at p < 0.001, ** indicates significant difference at p< 0.01, * indicates significant difference at p < 0.05, ns indicates no significant difference.
Nanjing. The second group consisted of Fl, DBA, BbF, IcdP, Ant, Phe, BkF, BaP, Flu, Pyr, Chr, BghiP, and Acy. Among these, PAHs, BbF, IcdP, BghiP, and DBA; and BaP, Chr, Flu, and Pyr also accounted for some loading in this factor. A similar pattern of PAHs found in PC2 was identified from a gasoline engine emission source in a previous study [33] . Fl and Phe were sourced from coke ovens [34] . Therefore, the results from PC2 revealed that gasoline engine emissions and coke ovens were probably major sources of PAHs in foliar dust in Nanjing. There were significant differences in the concentrations of Chr, BaP, IcdP, and DBA (p<0.01) and Ant, Fl, and Pyr (p<0.05) in the dust from different tree species (Fig. 2) . Urbanization significantly increased the concentrations of Nap, Acy, Ace, Phe, Pyr, BkF, and BghiP in the dust (p<0.001), while there was a significant [urbanization × species] interaction in terms of the concentrations of Fl (P<0.001) and Acy (p<0.05). PAH concentrations varied substantially along the urban-rural gradient in Nanjing (Fig. 3) . The highest PAH level in foliage dust was detected in urban areas, which is likely to be explained by the higher population density and heavy traffic associated with the financial, political, and trade center of the commercial-residential mixed urban zones in Nanjing. The suburban areas were located away from the city center and have relatively small population densities with fewer vehicles than in the urban zones. However, the main petrochemical plants and several chemical companies are located in the Changlu Zone [27] , and they are collectively a primary source of PAH pollution in Nanjing. The lowest levels of PAH were found in rural areas, which are sparsely populated with little vehicle traffic, thus the fewest sources of PAH pollution exist in such areas. In agreement with our results, Li et al. [35] reported that adjacent anthropogenic activities had a greater effect on the pollution characteristics of street dust than did land-use types. Therefore, anthropogenic activities were the main source of PAHs in Nanjing.
The Profile Characteristic of PAHs in Foliage Dust
The 16 PAH compounds were divided into five groups: 2-ring, 3-ring (low molecular weight, LMW), 4-ring (moderate molecular weight, MMW), 5-ring, and 6-ring PAHs (high molecular weight, HMW). In terms of compositional pattern, HMW PAHs (4 to 6 rings), with a mean of 84.28%, 82.68%, and 79.32% of the total PAH in foliage dust in urban, suburban, and rural areas, respectively, were the predominant PAHs (Fig. 4) .
Various investigators have found that foliage dust and street/road dust display differences in terms of physical structure and particle size composition, as well as the environmental behavior of the pollutants contained within the particulate [36] [37] . When the two types of dust are present in the same area, the environment becomes an influencing factor, and pollutants can be released over a period of time and area. This was similar to previously reported findings, such as where HMW PAHs contributed 62% to 94% of the total mass of ∑PAHs in the surface dust samples in Guangzhou [38] , within which 4-and 5-, and 6-ring PAHs represented 41.6% and 31.6%, respectively, of the street dust of Beijing [35] . Petrogenic sources are incompletely combusted petroleum products and are primarily composed of LMW PAHs, while HMW PAHs are the pyrogenic products from the combustion of coal, fossil fuel, natural gas, diesel, and gasoline [39] . Wang et al. [38] found that HMW PAHs posed an ecological risk to aquatic environments due to the high concentrations present in road dust. Our results showed that HMW PAHs are important pollution sources that are more toxic and persistent in the environment. In addition, foliage dust reduces the risks of human exposure to toxic PAHs by ingestion or dermal contact. 
Effect of Tree Species and Location on the Amount of Deposited Dust on Leaves
The amount of dust deposited on the leaves of the four tree species studied in urban, suburban, and rural areas of Nanjing are shown in Fig. 5 . The two-way ANOVA was used to analyze the effect of tree species and urbanization on the amount of dust on the leaves.
It can be seen that the dust retention of the studied tree species in the same area differed significantly (Fig. 5) . Tree species (F A,S = 25.406, p<0.001) and the degree of urbanization (F A,S = 5.812, p<0.05) had significant impacts on the amount of dust, while the [interaction species x urbanization] was significant (F A,S = 2.893, p < 0.05), suggesting that the species differed in their ability to capture dust from different zones within Nanjing.
The maximum amount of dust was found in urban areas due to increasing pollution, whereas in lowpollution rural areas presented the lowest amounts of dust. The amounts of dust removed by F. simplex leaves were 84.57, 63.11, and 56.29 μg·cm -2 in urban, suburban, and rural areas, respectively. The species capturing the least amount of dust in all areas was O. fragrans, the values being 22.7, 17.9, and 9.34 μg·cm -2 , respectively. Other studies had also shown that the dust amounts on the same urban tree species differed greatly under different pollution intensities [24] . Freer-Smith et al. [40] reported significant effects of both sites and species on the amount of deposited dust. The same conclusion was reached regarding urban dust pollution being much higher than in the suburban areas during the years of the study in Nanjing [27] . Therefore, trees in urban areas performed greater atmospheric pollution elimination from the environment than in rural and suburban areas. Effects of Morphological Structure Characteristics on the Removal of Dust Table 2 presents the surface structural properties of the four tree species used in this study. In terms of leaf shape, F. simplex leaves are quite different from those of the other species, being large and palmate, with an undulate margin. O. fragrans leaves have long elliptical leaf forms, while S. sumuntia have narrowly elliptic-obovate, with a slightly involute margin. P. serrylata leaves are long with an obovate and shape oval. Scanning electron microscopy (SEM) images of the leaf surface structures of the four tree species are presented in Fig. 6 .
The stomatal density of O. fragrans is 56 mm -2 under 500x magnification (Fig. 6b) . Although the stomata density was significantly higher than for the other three tree species, the dust retention capacity of O. fragrans was relatively weak. The reason is related to the coverage of leaf surface by hairline and shallow ditch-shaped tissues, and thus leads to the reduction of the contact area for dust and leaf surface (Figs 6a-b) . The stomata density of S. sumuntia is 19 mm -2 under 500x magnification (Fig. 6d) . The dust retention amount by S. sumuntia was influenced by irregularly corrugated shapes on the periphery of the stomata (Figs 6c-d) . The stomata density of P. serrylata is 37 mm -2 under 500x magnification (Fig.  6f) . The morphological characteristics of P. serrylata leaf shows visible epicuticular waxes. The important function of the epicuticular waxes is to reduce leaf water loss. The stomatal density of F. simplex is 32 mm -2 under 500x magnification (Fig. 6g) . Only in F. simplex is the leaf surface covered with wave-like flexuous rachis and does the lower limit of the cell wall on the leaf surface constitute a dense irregular meshwork (Fig. 6h) .
The data from this study in the Nanjing area indicated that the leaves of different tree species had varying abilities to capture dust, a finding that was consistent with the results reported by Mo et al. [41] . Various literature provided evidence of variations between species for dust capture by leaves. The various protrusions, ditch-shaped, stomata, and other features of the leaf surface increase its roughness, thus improving its dust-capturing ability [42] . However, not all leaf surfaces are ditch-shaped with strong dust-catching abilities. For instance, research has shown that those leaves with relatively large stomatal apertures are preferable for trapping PM than are leaves with regular stomatal arrangements [24] . A finding that is in agreement with our data showed the lower ability of O. fragrans to trap PM [43] . Tree species with a large leaf area of tree species allows them to accumulate large amount of PM over trees with smaller leaf area [44] . As a broadleaf species, the dust retention capacity of F. simplex is the strongest. The morphological characteristic of F. simplex shows a visible gap-like shape that can capture more PM and prevent it from being resuspended in the atmosphere [45] . Murakami et al. [46] found that greater accumulation by widely the planted ginkgo street tree may be attributed to its wavy walled surface structure. We found that F. simplex had surface structural characteristics similar to those of ginkgo. There is also a positive correlation between the amount of tomentum on the leaf surface and the amount of dust removed by a plant [42] . This feature may also contribute to the ability of leaves of F. simplex to capture and retain large quantities of dust and hence air pollutants, making it an attractive option for its use in landscaping urban green areas.
The Relationship between Plant Morphologic
Characteristics and PAH Concentrations Fig. 5 showed that foliage dust on different tree species differed with respect to size and PAH accumulation. Ram et al. [36] found that foliage dust from tree leaves consist of fine particles smaller than 30 μm. Other researchers have shown that grain size was another factor influencing the accumulation of PAHs. Total PAH concentrations increased as particle size decreased [37] . White PMs comprise dust particles. No secretions were found on the leaf surfaces of the four species studied, so it appears that the leaves trap dust via leaf hair or depressions such as grooves or sunken stomata on their surface (Fig. 7) . It can be clearly observed from SEM images that particles on the leaf are spherical in shape and combine to from aggregates with most of the PMs at <10 μm. Table 2 . Surface structural properties of the four tree species. of a leaf to accumulate PM and to affect the distribution or particle size of PM is closely related to the leaf surface structure [47] [48] . Yang et al. [49] and Räsänen et al. [50] found that Q. variabilis accumulated large numbers of fine particles on its adaxial leaf surface. In our study, concentrations of PAHs in the foliage dust of F. simplex was the highest of the four tree species studied, which was associated with particle size of PM in F. simplex leaf surface. Grooves are the main parts of the leaf blade, which collect PM 2.5 [41] , and the deep grooves characteristic of F. simplex can intercept more particles. As shown in Figs 5(g-h) , few particles were captured near the stomata of F. simplex, and the low stomatal density provided the plant with an advantage in the retention of fine particles from a human perspective [49] . Beckett et al. [51] showed that of the broad-leaf species at the most polluted sites at With Dean Park, maple accumulated the most fine particulates. Freer-Smith et al. [52] showed that fly ash particles were more easily captured by those leaves with high surface roughness, such as the presence of leaf hairs, ditch, or raphes, and those with short petioles. It was reported that the particle size of the ultra-fine PM was less than 1 μm [53] , and thus fine PM is easily intercepted by F. simplex. This provided additional reason for the highest accumulation by F. simplex. The results indicated that the micromorphology of F. simplex was important for its use as an environmental-quality indicator. On the contrary, O. fragrans has been shown to be an inefficient trapper of airborne PM [49] . The size of dust particles trapped on the surface of its leaves was relatively large, and this could explain why we found a lower concentration of PAHs on the surface of these leaves. The capacity of leaves to trap PM was affected by many factors, and leaf structure was the key factor. Another factor to be considered is height of the plant, with the canopy of tall trees being particularly effective at trapping PM that falls from above the tree canopy [54] .
Conclusions
1)
We studied the foliar capture of PMs with the concomitant accumulation of PAHs by four tree species. Dust deposited over the leaf surfaces were contaminated with PAHs, which can detrimentally affect human health. 2) Leaf surfaces with grooves surrounding the stomata or tomentum played an important role in the capture of air contaminants on leaves. The results showed that there were significant differences among tree species in terms of PAH accumulation capacity.
3) The highest amount of dust accumulation was associated with high concentrations of PAHs. We found that the most efficient species for capturing PM and PAHs was F. simplex. Urbanization significantly increased PAH concentrations of foliage dust. 4) An appropriate urban tree is a good accumulator of atmospheric contaminants. The removal of dust by tree species in this study provided further evidence to help environmental planners and researchers select the most suitable tree species for reducing atmospheric dust and PAH contaminants.
